The expression of the pea rbcS-3A gene is responsive to light and restricted to chloroplast-containing cells. Previously, we identified transcriptional elements between -410 and -50 relative to the transcription start site as being sufficient for this regulated expression. Here we investigate the role of the promoter region (-50 to +15) in rbcS-3A expression. We demonstrate an interaction between the promoter and upstream sequences located between -189 and -166, which is important for high leve1 expression. In addition we show that, when the rbcS promoter is driven by a weak test enhancer, it can confer light-responsive but not organ-specific expression upon a bacterial reporter gene.
INTRODUCTION
Most eukaryotic genes contain a nucleotide sequence called the "TATA box," which serves to determine the start site of transcription (Dynan and Tjian, 1985; Maniatis, Goodbourn, and Fisher, 1987) . Although this appears to be a very basic function in transcription, TATA boxes from different genes cannot always be exchanged without effect. In one early experiment, replacement of the promoter region (including the TATA box) of the herpes virus tk gene by a promoter derived from the P-globin gene led to a drastic decrease in expression (Cochran and Weissmann, 1984) . In the yeast his3 gene, the TATA box is thought to interact with upstream sequences to confer induction of transcription upon starvation for amino acids (Struhl, 1986) . In the mammalian E I B and hsp70 genes, the TATA box is the target for induction by the E1A protein (Wu et al., 1987; Simon et al., 1988) . This function appears to result from the action of TATA box-specific transcription factors. In the adenovirus €4 gene, the basic TATA box factor, TFIID, interacts with a specific transcription factor, ATF, which has binding sites both in the promoter region and further upstream (Horikoshi et al., 1988) .
Two groups have presented evidence for a role of the TATA box or neighboring sequences in mediating light regulation of pea rbcS genes. In one case it was shown that a 5' -35 deletion of the rbcS-E9 gene retained light ' Current address: lnstitute of Plant Physiology, University of Bern, Altenbergrain 21, Bern, Switzerland.
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Current address: Waksman Institute, Rutgers, The State University, Piscataway, New Jersey 088550759, To whom correspondence should be addressed. responsiveness, whereas a fusion of a heterologous upstream region with rbcS-E9 sequences downstream of -2 was equally expressed in light and dark (Morelli et al., 1985) . From the combined results of these two experiments, it was suggested that the region from -35 to -2 contained a light-responsive element. In the rbcS-ss3.6 gene, sequences from -90 to -2 conferred light regulation upon a bacterial reporter gene, again suggesting that sequences in the vicinity of the TATA box are important for regulated expression (Timko et al., 1985) . Both sets of experiments were performed by assaying the gene constructs in transformed calli, clumps of cells which cannot be induced to differentiate into whole plants because of the presence of the Agrobacterium tumor genes. Such an assay system obviously precludes an investigation of the relationship between light responsiveness and organ specificity. A more serious complication is that the induction by light is extremely slow, in the order of 1 to 2 weeks. In that time the tissue either becomes green in the light (Morelli et al., 1985) or is induced to become green by treatment with the plant hormone cytokinin (Timko et al., 1985) . Therefore, it is difficult to ascertain to what extent factors other than light contribute to the regulatory effect.
In the present paper we reassess the role of the promoter (defined here as the TATA box region, i.e., sequences between -50 and +15) in the expression of the pea rbcS-3A gene by assaying its expression in transgenic plants rather than transformed calli. We demonstrate that the rbcS-3A promoter interacts with upstream transcriptional elements to give high levels of expression. In addition, we show that, when driven by a weak test enhancer, the promoter can confer light-dependent, but not organspecific expression.
Interaction between the rbcS-3A Promoter and the Upstream Region
Previous reports delineated the enhancer-like sequences in the upstream region of rbcS-3A (Fluhr et al., 1986a , Kuhlemeier et al., 1987 . In one set of experiments, when a 5' deletion series was assayed, the deletions to -285, -189, and -166 retained wild-type activity. Further deletion to -149 virtually abolished expression. It is important to note that these experiments were carried out in the context of the intact gene, that is, in the presence of the rbcS promoter and coding region. Here we repeat these experiments, but now with the rbcS promoter replaced by the 35S promoter while leaving the rbcS coding region in place. Also present in the same vector is an intact rbcS-3A reference gene containing its own 3' end and 410 bp of upstream sequence. The chimeric genes all have a 3' end derived from the pea rbcS-E9 gene, which allows us to quantitate both reference and test gene transcripts by 3' S1 analysis with a single probe (Fluhr et al., 1986b; Kuhlemeier, Fluhr, and Chua, 1988) . This reference/test gene system makes it possible to reliably quantitate the expression of mutated genes relative to the constant reference gene. We have previously shown that both test gene and reference gene are fairly equally affected by position effects (Kuhlemeier, Fluhr, and Chua, 1988) . In addition, at least six plants were always analyzed for each construct to further reduce the impact of possible erratic behavior of an individual plant (Kuhlemeier, Fluhr, and Chua, 1988) . Similarly, for the experiments described in this paper, at least six transgenic plants were analyzed. When the variation between plants is insignificant, only one representative example is shown. However, as detailed below, in a number of cases the variation between plants is critical when drawing conclusions from the data. In those cases we considered it meaningful to show the results obtained with a number of different plants. Figure 1A shows that the constructs with 410 bp, 285 bp, and 189 bp of untranscribed DNA are expressed at wild-type levels. In the case of the -285 and -189 deletions, transcript levels varied between plants, but the reference and test genes were always similarly affected (data not shown). The -166 mutant has severely reduced levels of expression (Figure 1 A) . Transcripts produced by this construct vary considerably in abundance relative to the reference gene, ranging from barely detectable to 30% of the level of the reference gene. To give an impression of this quantitative variation, results obtained with an additional five transgenic plants are shown (Figure 1 B) . Note that, in spite of lower transcript levels, expression of the -166 mutant continues to be light-responsive. From these results, we conclude that rbcS-3A upstream DNA with a boundary at -166 is sufficient for wild-type expression levels only in conjunction with the cognate promoter. Additional sequences are required when the rbcS upstream region is combined with the 35S promoter.
Previously, we reported that the -166 deletion (with its own promoter and coding region) is highly expressed only in mature tissues. In the young leaves at the tip of the o u) o> co o> CD o Gene constructs were cloned into pMON200-ref3A, a derivative of pMON200 that contains an intact rbcS-3A gene ("ref") cloned into the polylinker (Kuhlemeier et al., 1987) . The 3A/35S/3A constructs ("test" genes) were cloned into a modified Sstll site, adjacent to the right border of the T-DNA. Analysis was by S1 protection using a probe derived from the 3' end of the rbcS-E9 gene, as described before (Fluhr et al., 1986b; Kuhlemeier, Fluhr, and Chua, 1988) . The rbcS-3A reference gene has its own tail, whereas the test genes have a 3' tail derived from the rbcS-E9 gene. This makes it possible to analyze both reference and test genes with a single probe. The probe protects 160 nucleotides of the reference gene RNA and a set of four bands around 230 nucleotides long of the test genes. plant, and also in seedlings, the -166 mutant is expressed at severely reduced levels . Figure  1C shows that this phenotype is not dependent on the rbcS-3A promoter because in the -189 construct with the 35S promoter, a similar effect is seen. The low and variable expression even in mature tissue has made it difficult to determine with certainty whether the effect occurs in the -166/35S promoter construct. The reduced expression of the -166 deletion with the 35S promoter is not dependent on the rbcS coding region. Figure 2 shows that, when the rbcS coding region is replaced by the chloramphenicol acetyltransferase (CAT) gene, expression of the -189 deletion mutant can still easily be monitored in most transgenic plants, whereas expression from the -166/35S promoter/CAT mutant is undetectable or extremely low. Constructs were identical to the -189 and -166 constructs in Figure 1 except that the rbcS coding region was replaced by the bacterial CAT gene. Fifty ^g of RNA was analyzed by nuclease S1 protection using a probe specific for the 5' end of the 35S/ CAT gene. D, dark; L, light.
ments do not address whether the rbcS-3A promoter has regulatory properties because the upstream region is a light-responsive and cell-specific enhancer element in its own right (Fluhr et al., 1986a; Aoyagi, Kuhlemeier, and Chua, 1988) . The simplest way to test whether the promoter has such regulatory properties would be to delete the upstream region, as we and others have done previously in the transformed calli system (Morelli et al., 1985; Timko et al., 1985) . However, when we deleted the upstream region of the rbcS-3A gene to -50, and assayed expression in transgenic tobacco, no transcripts could be detected (data not shown). Thus, in transgenic plants, the rbcS-3A promoter is insufficient to turn on transcription at any appreciable level. This does not exclude at all that the promoter has a modulating role. To test for this possibility we decided to drive the expression of the rbcS-3A promoter with heterologous test enhancers. The enhancer from the cauliflower mosaic virus 35S gene has been widely used for such purposes (e.g., Walker et al., 1987; Chen, Pan, and Beachy, 1988; Nagy, Kay, and Chua, 1988) . The 35S enhancer (-941 to -31) was placed upstream of the rbcS-3A promoter (-50 to +15) with the bacterial CAT gene as the reporter gene. A synthetic sequence containing the 35S promoter region (-46 to +8) served as the control. Also present in these constructs is the intact rbcS-3A gene at approximately 5 kb distance from the chimeric genes. Figure 3A shows that transgenic plants containing the 35S enhancer/rbcS-3/4 promoter/CAT construct have a considerable level of CAT transcript as measured by 3' S1 analysis. However, dark-adapted plants also contain relatively high CAT mRNA levels, perhaps half of the level in light-grown plants. The control construct 35S enhancer/ 35S promoter/CAT gives virtually equal CAT mRNA levels in dark and light. Because of variation in light/dark mRNA ratios between individual plants (compare different lanes in Figure 3A , panels I and II), it is hard to conclude with confidence that this small difference between rbcS-3A and 35S promoters is significant.
A 3' S1 analysis does not address whether the expression of the chimeric genes is correctly initiated or due to readthrough from cryptic promoter sites in the 35S enhancer or in the CAT coding sequence. Therefore, we prepared S1 probes specific for the promoter-CAT junctions of the two genes and determined the 5' ends of the two messenger RNAs. Figure 3B shows that, in both cases, the majority of the messages are correctly initiated and also in this assay, no striking light regulation was observed. It could be possible that the promoter has no role in light regulation, but yet is important for organ-specific expression. Figure 3C shows that this is not the case because the 35S enhancer/rt>cS-3/\ promoter/CAT construct gives rise to equally high expression levels in the leaves and roots, whereas the rbcS-3A reference gene is more highly expressed in leaves than in roots.
If the rbcS-3A promoter does have a role in the regulation of rbcS expression, the results of Figure 3 explained in two ways. The first is that the promoter region has a regulatory function, but this function can only be exerted in concert with downstream sequences. The second explanation is that the very strong 35S enhancer overrides the regulatory properties of the promoter. To test the first hypothesis, the rbcS promoter was assayed in the presence of the rbcS coding region. Thus the 35S enhancer was fused upstream of the rbcS-3A gene, truncated at -50. In a control construct, the rbcS promoter was replaced by the 35S promoter, but leaving the rbcS coding region in place. If the construct with the rbcS-3A promoter gave rise to regulated expression and the construct with the 35S promoter did not, this would indirectly demonstrate that there is a promoter-dependent lightregulatory effect. Figure 4 shows that, in most plants, the rbcS-3A promoter does give rise to weakly light-regulated expression, in the order of two-to fourfold higher in the light than in the dark. However, the control construct with the 35S promoter also gives slightly higher transcript levels in some light-grown plants. Therefore, we conclude that this very modest effect is not promoter-dependent.
The rbcS-3A Promoter Interacts with a Weak Enhancer in a Regulated Manner
To determine whether the rbcS-3A promoter might display regulatory properties when driven by a weak test enhancer, we made use of a synthetic heat-shock element (HSE) derived from the soybean hsp17.3B gene (Schoffl, Raschke, and Nagao, 1984) . This short sequence contains two heat-shock consensus elements and was previously shown to act as a high-temperature-dependent transcriptional enhancer in transgenic tobacco (Strittmatter and Constructs were identical to those in Figure 3 except that the CAT gene was replaced by the rbcS-3A coding region with the rbcS-E9 tail. Twenty micrograms of RNA was analyzed by 3' S1 protection. Analyses from four independent transgenic plants are shown for each construct. D, dark; L, light.
Chua, 1987). We estimate that this enhancer gives rise to approximately tenfold lower transcription levels than the 35S enhancer, which may make it better suited to uncover regulatory properties of other DNA elements. Therefore, the HSE was placed upstream of the rbcS-3A promoter/ CAT gene and the 35S promoter/CAT gene, and the resulting constructs were assayed in transgenic tobacco. Figure 5 shows that, in this context, the rbcS-3A promoter clearly displays regulatory properties. When the plants are assayed at 25°C, no transcripts can be discerned, confirming that the HSE-mediated expression is strictly temperature-dependent (data not shown). At 40°C, expression is high in the light, but low in the dark ( Figure 5 ). It could be argued that weakly expressed genes would be particularly sensitive to position effects and that the observed light regulation is due to the site of integration rather than to the sequence-specific properties of the rbcS promoter.
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Indeed there is quantitative variation among individual plants, but all display significantly higher transcript levels in the light than in the dark, ruling out position effect. By titrating the amount of RNA from the light-grown plants, we compared the transcript levels in the dark and in the light. From this type of quantitation we estimate that the difference ranges between three-and 20-fold, with an average around tenfold (data not shown). In contrast, the control gene, which contains the 35S promoter, is not light-regulated. With the latter construct the variation among individual plants ranges from slightly higher in the dark to at most twofold higher in the light.
Expression in Roots
In virtually all cases examined so far, rbcS constructs that gave rise to light-dependent expression also displayed organ specificity, that is, expression was highest in leaves, lower in stems, and very low or undetectable in roots. In one notable exception, a far-upstream element in the Nicotiana plumbaginifolia rbcS-8B gene enhanced expression preferentially in the leaf, but did not confer light regulation (Poulsen and Chua, 1988) . When we tested the HSE/rbcS-3A promoter/CAT construct for expression in roots, we found very high activity, as seen in Figure 6 . In this case, the chimeric construct is highly expressed both in leaves and in roots, but the expression in leaves has retained its light responsiveness. The rbcS-3A (I) and 35S (II) promoters were inserted between a soybean heat shock element (HSE) and the CAT gene. The constructs were cloned into the polylinker of pMON200; no reference gene was present. Nuclease S1 protection analysis was performed on 50 ^g of RNA, using probes specific for the 5' ends of the genes. Analyses from eight independent transgenic plants for HSE/3A/CAT and three independent transgenic plants for
DISCUSSION
HSE/35S/CAT are shown. D, dark; L, light.
Interaction between Promoter and Upstream Elements
When the rbcS-3A promoter region from -50 to +15 is replaced by a corresponding sequence from the 35S gene, there appears to be no decrease in transcript level as long as at least 189 bp of 5' noncoding DNA are present ( Figure  1A ; Kuhlemeier et al., 1987) . In fact, especially with 410 bp or 285 bp of upstream DNA the 35S promoter may even give slightly higher expression, if anything. With the -166 deletion, however, the replacement has a drastic effect and now, expression from the 35S promoter is clearly reduced relative to the rbcS-3A promoter. It is unlikely that the 35S promoter is intrinsically weaker than the rbcS-3A promoter since the effect depends on the amount of upstream DNA present: with longer rbcS fragments the expression from the 35S promoter is at least as high as with the rbcS-3A promoter. We favor another possibility, namely that the rbcS-3A promoter, but not the 35S promoter, can complement a function of the upstream region. Since the -189 deletion gives normal high expression levels, and the -166 deletion shows a reduction, it RNA was extracted from leaves and roots of plants containing the constructs shown in Figure 5 . Nuclease S1 protection analysis was performed on 50 /ig of RNA, as in Figure 5 . LF, leaf; RT, root.
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follows that the 5' end of the upstream element lies between -189 and -166. In vitro footprinting experiments have provided firm evidence for the presence of a DMA binding protein, GT-1, that has binding sites in the -150 and the -230 region (Green, Kay, and Chua, 1987) , but not in the area discussed here. Also, a novel nuclear protein, GBF, isolated from tomato and Arabidopsis binds to the so-called G box in rbcS genes from tomato, Arabidopsis, and pea (Giuliano et al., 1988) . The proposed homolog of the G box in the pea rbcS-3A gene centers around -225, that is, also upstream of -189 (Giuliano et al., 1988) . Our interpretation of the experiments leads to the prediction that a hitherto unidentified transcription factor will have a binding site in the -189/-166 region of rbcS-3A.
The rbcS-3A Promoter Mediates Light Regulation
The experiments with transformed calli had indicated that a DMA segment containing the TATA box of the rbcS-E9 and rbcS-ss3.6 genes is involved in light regulation. The attempts to repeat these experiments using transgenic plants met with several obstacles. In the first place, expression in the absence of upstream elements turned out to be below the level of detection. When the strong 35S enhancer was placed upstream to drive expression, only marginal light regulation was observed (Figures 3 and 4) . The general problems of positional variation between plants make regulatory effects in the range of two-to threefold of dubious significance. Experiments with a chicken lysozyme gene indicated an inverse relationship between the transcriptional activity of test enhancers and the potential inhibition by silencer elements (Baniahmad et al., 1987) . These results prompted us to repeat our experiments with a much weaker enhancer, the heat-shock element. Using a synthetic HSE to drive expression of the rbcS-3A promoter/CAT gene, we detected a clear and reproducible difference in steady-state mRNA levels in light-grown and dark-adapted plants ( Figure 5 ). It seems reasonable to assume that the very strong 35S enhancer somehow overrides the regulatory properties of the rbcS promoter, whereas much weaker HSE does not. On the other hand, it cannot be excluded that some particular properties of the 35S enhancer lead to constitutive expression in any combination. Some mammalian viral enhancers are thought to have evolved in a way that maximizes expression under all possible circumstances (Ondek, Shepard, and Herr, 1987; Schirm, Jiricny, and Schaffner, 1987; Ondek, Gloss, and Herr, 1988) . The cauliflower mosaic virus 35S enhancer may employ a similar strategy. However, the 35S enhancer is not a priori immune to repression, as we have been able to limit its expression in the dark in some cases (Kuhlemeier et al., 1987) . The experiments presented here delimit the promoter sequence involved in light regulation to bases between -50 and +15. A fine mutagenesis approach will be required to determine critical sequences for this regulation.
Separation of Light Regulation from Organ Specificity
An intriguing aspect of light-responsive genes involved in photosynthesis is that their expression appears limited to chloroplast-containing cells (e.g., Simpson, van Montagu, and Herrera-Estrella, 1986; Kuhlemeier, Green, and Chua, 1987; Aoyagi, Kuhlemeier, and Chua, 1988) . Many studies have suggested that, in fact, a chloroplast "factor" is required to turn on genes like rbcS and Cab (Mayfield and Taylor, 1984; Batschauer et al., 1986) , which could be interpreted to mean that light responsiveness and organ specificity are tightly linked phenomena, one caused by the other. As an example, the rbcS-3A enhancer (-410 to -50) confers both light responsiveness and cell specificity upon a heterologous reporter gene (Fluhr et al., 1986a; Aoyagi, Kuhlemeier, and Chua, 1988) . Therefore, we had expected that the expression of the HSE/rbcS-3/4 promoter/CAT gene would not only be regulated by light but also be restricted to photosynthetic tissues. This is not the case ( Figure 6 ). An uncoupling of light responsiveness and organ specificity has also been reported previously for a far-upstream element of the N. plumbaginifolia rbcS-8B gene (Poulsen and Chua, 1988) . However, in that case, the expression is leaf-specific but insensitive to light. Together, these results lead us to the inevitable conclusion that light regulation and tissue specificity are separable phenomena, and can be mediated by different cis-acting elements.
Interestingly, the complete upstream region (-41 O to +15) renders the heat shock response both light-dependent and organ-specific (Strittmatter and Chua, 1987) . This indicates that light-regulatory elements are present both in the enhancer and in the promoter, but that elements for organ specificity are located only in the enhancer. The experiments presented here do not rule out that a chloroplast factor is involved in the regulation of the intact rbcS genes. It could easily be envisaged that, in the chimeric constructs described here, the need for such a factor is obviated by the use of the constitutive enhancers, which bind to ubiquitous transcription factors. The experiments do show, however, that the light responsiveness of rbcS-3A is not a consequence or organ specificity. Further experiments will be required to define not only the cisacting elements more precisely, but also the components of the signal transduction chains that lead to light responsiveness and to organ specificity.
METHODS

DNA Manipulations
All DNA manipulations were carried out using standard procedures. The synthetic HSE has been described in detail (Strittmatter and Chua, 1987) . The reference gene vector pMON2OO-ref3A has been described (Kuhlemeier et al., 1987; Kuhlemeier, Fluhr, and Chua, 1988) . In short: the intact rbcS-3A gene with 410 bp of upstream region was cloned in the polylinker of pMON200 . At approximately 5 kb distance, the test genes were inserted into a modified Sstll site, adjacent to the right border of the T-DNA (see Figure 1 of Kuhlemeier et al., 1987) . The direction of transcription of all the test genes was toward the right border. When no reference gene was present, the genes were inserted into the polylinker, with the 3' end toward the nos-nptll gene.
lntroduction of Genes into Plants
The pMON2OO derivatives were transferred to Agrobacterium tumefaciens GV3111 SE by triparental mating. Subsequently, the genes were introduced into Nicotiana tabacum with the leaf disc procedure . At least six independently derived transgenic plants were assayed for each constt'uct.
Assay of Light Regulation and Tissue Specificity
To determine the transcript abundance in light and dark, plants were grown in pots in a controlled growth chamber at 25°C under a 16 hr:8 hr 1ight:dark cyde. "Light" samples were taken in the middle of the light period, "dark" samples were taken after 3 days in continuous darkness. For the assay of organ specificity, plants were grown in sterile plastic containers containing Murashige and Skoog-agar medium.
Preparation and Analysis of RNA
RNA was prepared from leaves and roots using a miniprep procedure (Kuhlemeier, Fluhr, and Chua, 1988) . The 3' S I analysis was performed with a probe derived from the 3' end of the pea rbcS-E9 gene which protects about 230 nucleotides of the rbcS-E9 tail (test gene) and about 160 nucleotides of the rbcS-3A tail (reference gene), as described in detail by Fluhr et al., (1986b) . The 5' probe for the 35s promoter/CAT RNA has been described (Kuhlemeier et al., 1987) . Similarly, the 5' probe for the rbcS-3A promoter/CAT RNA was prepared by uniformly labeling the corresponding fragment of the rbcS-3A promoter/CAT gene.
